








Follow this and additional works at: https://tigerprints.clemson.edu/all_theses
Part of the Atmospheric Sciences Commons
This Thesis is brought to you for free and open access by the Theses at TigerPrints. It has been accepted for inclusion in All Theses by an authorized
administrator of TigerPrints. For more information, please contact kokeefe@clemson.edu.
Recommended Citation










ANALYSIS OF THE NEUTRAL WIND PROFILES FROM THE 










In Partial Fulfillment 
of the Requirements for the Degree 










Dr. Miguel Larsen, Committee Chair 
Dr. Gerald Lehmacher 





The HEX II sounding rocket experiment was carried out on February 14, 
2007, during active geomagnetic conditions.  Three rockets released trimethyl 
aluminum (TMA) chemical tracer trails to measure the neutral winds.  Three 
neutral wind profiles obtained from the upleg trails are presented.  The profiles 
are characterized by a strong wind peak around 113 km altitude in the 
northwestward direction.  Below the peak, the winds exhibit strong shear and a 
smaller wind peak at around 103 km in the southeastward direction.  The wind 
magnitudes are too strong to be attributed to tidal forcing.  Above 120 km the 
winds are consistently to the northwest as a result of ion drag from the plasma 
convection pattern.  The HEX II experiment results are compared to other high 
latitude neutral wind measurements.  The wind peaks are comparable in 
magnitude to other wind measurements during similar geomagnetic conditions.  
A comparison of the neutral winds indicates a correlation of wind magnitudes 
with geomagnetic activity.  A calculation of Hall and Pedersen drag coefficients 
indicates that the strong wind peak can be explained by modified geostrophy.  
Two possible explanations for the lower wind peaks are presented, primarily the 
possibility that meteoric dust affects the neutral winds. 
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This thesis presents wind profiles obtained from the HEX II experiment, 
which was carried out at Poker Flat, Alaska, on February 14, 2007.  The results 
are compared to previous high-latitude wind measurements.  Characteristics of 
the winds are presented and discussed in the context of previous measurements 
and theoretical models. 
 
1.1 Overview 
The use of chemical releases to measure mesospheric and thermospheric 
winds has been common.  There have been over 500 wind measurements in 
over fifty years [Larsen, 2002].  The type of chemical releases used to obtain the 
winds have varied, but most releases have been either sodium, lithium, or 
trimethyl aluminum (TMA) trails, with more rare chemicals used, such as nitrous 
oxide and nickel carbonyl in special experiments.  Because the sodium and 
lithium require sunlight for the observations, experiments using these chemicals 
are limited to dusk and dawn periods.  TMA, however, is chemiluminescent when 
in contact with oxygen in the atmosphere, allowing observations at any time 
 2
during the night.  Consequently, TMA has become the primary choice for 
chemical release wind measurements [Larsen, 2002]. 
Larsen [2002] presented a summary of wind measurements to that date.  
A frequent characteristic is a wind peak in the altitude range from 100-110 km, 
accompanied by a large shear below the peak.  This behavior is especially 
prevalent in the high latitude winds.  At high latitudes, the neutral winds are 
greatly influenced by the solar wind and the associated geomagnetic activity.  
Brekke et al. [1994] presented high latitude wind measurements under quiet 
conditions.  These winds were due mostly to the tides and are much weaker than 
winds during high geomagnetic activity.  In the high latitude region, the 
geomagnetic activity produces significant accelerations of the winds through ion 
drag and Joule heating.  The effects of geomagnetic activity are discussed in 
Section 1.3. 
High latitude wind measurements share several common features.  
Beginning at lower altitudes (85-90 km), the winds increase to a peak between 
100-110 km.  In some cases, the winds reverse direction so that there are two 
peaks in this altitude range, as occurred during the two JOULE experiments that 
will also be discussed in this thesis.  Above this altitude, between 110-120 km, 
the wind reverses direction and increases in magnitude creating a larger peak.  
Above this peak the wind decreases but then slowly increases again at higher 
altitudes.  The increase at high altitudes is not as abrupt as the lower altitude 
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changes.  The wind also may or may not be in the same direction as the strong 
peak between 110-120 km. 
The high altitude features are explained by the ion drag induced by the 
plasma convection cells.  The direction and magnitude of the neutral winds 
depend on the direction and magnitude of the plasma drift.  Larsen and 
Walterscheid [1995] and Zhan [2007] have tried to explain the strong wind peak 
using modified geostrophy calculations.  The analytical results show similar large 
wind peaks and shears in the same altitude range as the observed winds.  The 
lower wind peaks behave more like tidal effects but are usually larger than 
observed tidal winds.  The source of the extra forcing in this lower peak is 
unknown. 
Although some generalizations can be made, much of the lower 
thermosphere behavior is still not well known.  The various forcing influences 
include tides, gravity waves, Lorentz forces and ion drag, Joule heating, and 
particle heating.  These forcing mechanisms are discussed in Section 1.3.  
However, their effects on the neutral winds can vary and they also interact with 
each other, creating a very complex system.  Heppner and Miller [1982] 
concluded there were not enough wind measurements in the lower thermosphere 
to conclude if there were any “typical” wind profiles.  Because of the many forcing 
mechanisms, there are differences in each profile.  By presenting new wind 
profiles and looking for patterns, it is hoped that the neutral wind’s response to 
the forcing might be better understood. 
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This thesis will present the neutral wind profiles from the HEX II 
experiment, compare them with previous experiments, and discuss them in the 
context of the previous results and models.  Sections 1.2 and 1.3 discuss the 
relevant physical effects that affect the neutral winds.  Chapter 2 describes the 
specific details of the experiment, followed by a discussion in Chapter 3 of 
experimental techniques that were used to obtain the wind profiles.  Chapter 4 
presents the profiles with brief summary of their features.  Chapter 5 compares 
the HEX II wind profiles with wind profiles from earlier experiments.  The 
experiments of interest are the four ARIA experiments [see, e.g., Larsen et al, 
1997], the CODA experiment and two JOULE experiments [see, e.g., Zhan, 
2007], and the HEX I experiment [Wescott, 2006].  The discussion and 
conclusion in Chapter 6 discusses the features of the HEX II profiles in the 
context of the previous experiments and models. 
 
1.2 The Earth’s Atmosphere 
The Earth’s atmosphere consists of several layers characterized by the 
temperature variation with height.  Each layer (or sphere, as it is called) covers a 
range of altitudes and has different characteristics.  This thesis will discuss the 
ionosphere.  In particular, the region of interest is the lower thermosphere 
between 90-200 km. 
The lowest three layers of the Earth’s atmosphere are the troposphere, 
stratosphere, and mesosphere.  In these three layers, the gases almost 
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completely neutral, with only trace concentrations of charged particles, and are 
well mixed.  Here, as everywhere in the atmosphere, density and pressure 
decrease with height due to hydrostatic balance.  The temperature decreases 
through the troposphere, increases in the stratosphere, and then decreases 
again in the mesosphere.  Between 80-90km, the temperature reaches an 
absolute minimum before beginning a large increase due to absorption of solar 
extreme ultraviolet radiation (EUV) in the thermosphere.  This boundary (called 
the mesopause) marks the top of the mesosphere and the beginning of the 
thermosphere. 
The thermosphere gets its name from this significant increase in 
temperature caused by the absorption of extreme ultraviolet radiation from the 
Sun.  The EUV absorption ionizes a significant fraction of the gases in the 
thermosphere.  Because of this ionization, this region is also called the 
ionosphere.  In addition to the ionization and heating, the ionosphere marks the 
region in which the gases are no longer well mixed.  The densities of the atomic 
and molecular species vary individually with altitude so that eventually (above 
~700km) only He and H remain. [Prölss, Chapter 2.2] 
The ionosphere is divided into several layers.  The lowest layer is called 
the D layer and extends from approximately 60-90km.  However, due to the 
higher density and quicker recombination rate in this region, the D layer 
disappears within minutes after sunset.  From 90-170km, the ionosphere is 
dominated by O2
+ and NO+ ions.  This layer is called the E region.  The 
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recombination rates in the E region are sufficiently high to cause the E region 
ionization to disappear quickly after sunset as well.  Above the E region is the F 
region in which atomic oxygen (O+) becomes the dominant ion [Prölss, Chapter 
4.1].  The recombination rates in the F region are small enough to allow the 
plasma in that region to remain throughout the night.  The experiments discussed 
in this thesis concern nighttime measurements in the D and E region in the polar 
region within the auroral zone and polar cap where the plasma is produced by 
particle precipitation from the magnetosphere to the ionosphere during disturbed 
geomagnetic conditions. 
 
1.3 Ionosphere Dynamics 
The winds in the ionosphere are influenced from below by upward 
propagating atmospheric waves, such as gravity waves and tides.  Gravity waves 
are atmospheric disturbances supported by buoyancy forces.  The diurnal and 
semidiurnal tides are generated by solar heating in the lower atmosphere, as well 
as in situ heating in the thermosphere.  In the daytime sector, solar radiation 
creates causes a high-pressure region that peaks around 1500 local time.  This 
pressure gradient produces winds that flow from the high-pressure region to the 
low-pressure region in the night sector [Prölss. Chapter 3.4.1].  Brekke et al. 
[1994] studied the tidal influence on the auroral E region and found the 
semidiurnal tides are greatest at 110 km and the diurnal tides are dominant at 
high altitudes.  They found tidal winds ranging from 10-70 m s-1.  This is 
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inadequate to account for the high winds observed during disturbed conditions, 
as will be discussed later.  In addition, Nagy et al. [1974] found that winds in the 
thermosphere deviate significantly from the direction expected for tidal winds. 
The other influences on the thermospheric winds are the ion drag and 
heating.  Ion drag is the result of the Lorentz force that develops when the 
neutrals and ions move at different velocities.  Heating is caused by Joule 
heating, as well as particle heating due to precipitation of energetic particles from 
the magnetosphere, driven by the solar wind, into the ionosphere in the auroral 
oval. 
 
1.3.1 Plasma Motion and Ion Drag 
In the polar regions, the solar wind plasma is very influential both as a 
source of particles and as a driver for electric fields.  These electric field are 
created by the so called, “Solar Wind Dynamo” [Prölss. Chapter 7.6.1].  The 
electric field created is given by 
E = −v p × B     (1.1) 
where vp is the plasma vector velocity from the solar wind and B is the magnetic 
field.  At high latitudes in the northern polar cap region B is oriented vertically 
downward (the ẑ−  direction)1 and, since the plasma comes from the Sun, vp  is 
anti-sunward.  The E field resulting from this cross product is then directed from 
                                                
1 A right-handed coordinate system is used in which x , y , and z  refer to the east, north, 
and upward directions respectively. 
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the dawn sector to the dusk sector over the polar cap.  At the equatorward edge 
of the polar cap, the plasma moves sunward to complete the circulation in the 
magnetosphere, causing the E field in the auroral oval to be directed opposite to 
the field in the polar cap.  The motion of the plasma in the ionosphere is 




     (1.2) 
where vp  is the velocity of the plasma in the ionosphere.  The motion that results 
forms two convection cells over the polar region.  This has the effect of mapping 
the solar wind motion to the polar cap.  The ions flow from noon to midnight over 
the polar cap and then flow both eastward and westward around to the dayside in 
the auroral oval.  This flow is directed westward in the pre-midnight sector and 
eastward in the post-midnight sector [Prölss. Chapter 7.2].  Figure 1.1 illustrates 
the relationship between the electric field and plasma convection cells. 
There are two types of ion drag forces.  The Pedersen drag dominates at 
high altitudes and is the primary forcing agent of the neutral winds above ~120 
km.  The Hall drag becomes significant at the lower altitudes between 90 and 
120 km and is believed to be a possible source of large winds, as argued by 
Larsen and Walterscheid [1995], for example. 
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Figure 1.1: The northern polar region from above. Taken from Prölss (p. 352) 
 
Following the derivation of Larsen and Walterscheid [1995], the Lorentz 
force can be written as 
1
ρ
J × B =
1
ρ
σ ⋅ ′ E × B =
1
ρ
σ ⋅ (E + vn × B) × B   (1.3) 
Here ′ E is the electric field with respect to the neutrals, ρ  is the neutral density, 











 = − 
  
     (1.4) 
where the P  and H  subscripts denote Pedersen and Hall conductivities 
respectively.  Then, using equation 1.2 and expanding, the Lorentz force 
becomes 
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In this equation, v  and u describe the northward and eastward components of 
the velocity, respectively, while p and n subscripts on the velocities refer to the 
plasma and neutrals, respectively (not to be confused with the σ  subscripts). 
As has already been discussed, the plasma convection cells generally 
move the plasma to the east or west depending on the location in either the dawn 
or dusk cell.  If we neglect the meridional plasma flow, equation 1.5 indicates that 
the Pedersen drag is in the direction of the plasma drift, while the Hall drag is 
directed perpendicular and to the left.  The Hall drag is then northward for 
eastward plasma drift and southward for westward plasma drift.  Since the 
Coriolis force is to the right in the northern hemisphere, it has been suggested 
that the reduction of the effective Coriolis force by the Hall drag is responsible for 
the large winds observed between ~110-120 km [Larsen and Walterscheid 1995].  
Zhan [2007] also applied these equations for conditions appropriate to the 
JOULE 2 experiment and found reasonable agreement between the wind 
maximum observed at ~120 km and the analytic results. 
 
1.3.2 Heating effects 
There are two primary sources of heating.  Joule heating is caused by the 
current flow through the atmosphere.  The expression for the heating is given by 
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Q = J ⋅ E     (1.6) 
This means greater geomagnetic activity (which increases J, the electric current, 
and E) increases the heating.  The other source of heating is particle 
precipitation.  As energetic particles from the solar wind enter the magnetosphere 
and eventually the ionosphere in the auroral oval, some of their energy is 
converted to heat by collisions with neutrals.  The heating of the region creates a 
pressure gradient, which in turn forces the neutral winds.  Both of these heating 





2.1 Rockets and Payload 
Four rockets were launched from Poker Flat Research Range, north of 
Fairbanks, Alaska, on February 14 between 0900-1000UT (Universal Time).  
Three of the four rockets had normal, ballistic trajectories, i.e., nearly vertical 
trajectories, while the fourth had a tailored horizontal trajectory.  A description of 
the horizontal rocket technique is given by Wescott et al. [2006].  The modified 
trajectory was accomplished by reorienting the rocket horizontally at the desired 
height before firing the final stage of the rocket.  The three vertical rockets carried 
ionization gauges to measure neutral density.  The horizontal rocket also carried 
a two-channel airglow photometer to measure the O/N2 ratio and a swept voltage 
plasma probe.  However, this work only concerns the three V-rockets. 
Each rocket carried a TMA (trimethyl aluminum) payload that deployed 
trails on both the upleg and downleg.  TMA, once released in the atmosphere, 
reacts spontaneously with oxygen to produce a bright trail that is visible from the 
ground.  Because of the low concentration of oxygen in the mesosphere and 
lower thermosphere region (or MLT region), the reaction occurs much more 
slowly than at sea level, making the chemical trail visible for several to tens of 
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minutes depending on how quickly the winds and diffusion disperse the trail.  The 
TMA wind measurement technique is useful because it allows observations at 
night.  Other chemical tracers have been used in the past, but they require 
sunlight to illuminate the chemical clouds and can only be used at twilight. 
 
2.2 Cameras 
The cameras used to photograph the chemical trails were set up at three 
locations, namely the launch site at Poker Flat, at Coldfoot, and at Fort Yukon, 
shown in Figure 2.1 along with the approximate location of the upleg and 
downleg of each rocket flight.  The primary cameras were Nikon digital SLR 
cameras and Hasselblad film cameras.  The Nikons are D70, D70s, and D80 
models.  Each digital camera recorded images with a nominal cadence of once 
every 10 seconds.  The film cameras had a cadence of once every 20 seconds. 
There were two sets of cameras at each site.  All three uplegs and the 
third downleg were recorded by one set of cameras.  The image sequences are 
designed to be synchronized, but this set of cameras had a time offset due to a 
problem with the equipment.  The other two downleg trails were recorded by the 
other set of cameras. 
 
2.3 Launch 
The three vertical trajectory rockets (labeled V-1, V-2, and V-3) were 
launched between 0922 and 0939UT.  The order and the launch times are given 
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in Table 2.1.  TMA was released during both the upleg and downleg of each 
rocket trajectory with the exception of the second downleg (that of the V-3 
rocket).  The rocket failed to release the TMA as planned. 
 





Table 2.1: Order and time of launch of HEX II rockets 
 
The rockets were launched under active geomagnetic conditions.  Figure 
2.2 shows the Kp index for February 14, 2007.  The Kp index was around 3 for 
the hours preceding the launch.  Figure 2.3 shows magnetometer data from the 
Alaska magnetometer chain.  The magnetometer sites in Figure 2.3 are listed 
from north to south.  The numbers on the left of the plots in Figure 2.3 show the 
scale of the deflection.  The H, D, and Z components are positive in the magnetic 
north, magnetic east, and vertical directions, respectively. 
The Poker Flat magnetometer data show an H component deflection at 
launch time of almost -750 nT indicating that the electrojet was flowing westward.  
Around the time of the launch, the Poker Flat magnetometer showed almost no 
deflection in the Z component indicating the electrojet was nearly overhead.  This 
is also confirmed by noting that the magnetometers south of Poker Flat showed a 
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negative Z component deflection while magnetometers to the north had a 
positive deflection.  
 
 
Figure 2.1 Camera locations for HEX II experiment 
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Figure 2.2: Kp index for February 14, 2007 
 




3.1 Coordinate Conversions 
The first step in obtaining the wind profiles is to take the digital image pixel 
coordinates and convert them to standard (or equatorial) celestial coordinates.  
Plate constants are determined from the star field in the images and used to 
convert between the image coordinates and the celestial coordinates.  Because 
the celestial coordinate system is curved, the photographs are a projection of that 
curved surface onto a flat surface.  A Matlab program that was developed by 
Justin Ingersoll at Clemson University calculates the plate constants, through a 
least-squares fitting process, that are required for the transformation of pixel 
coordinates to standard coordinates.  The program requires stars from the image 
to be matched to stars in a star catalog.  An illustration of the star matching 
process is seen in Figure 3.1. The red dots represent stars from the digital image 
while the blue dots are stars from the Smithsonian Astrophysical Observatory 
(SAO) star catalog.  The five arrows show star matches.  The red stars at the 
base of the arrow match to the blue stars from the star catalog.  Once the 
minimum of three matches are chosen, the computer computes more matches 
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and calculates the plate constants required to map each pixel from the image to 
a point in the celestial coordinate system. 
 
Figure 3.1: Comparison of image and catalog stars 
 
Once the standard coordinates are obtained, another transformation is 
made to horizontal coordinates.  The horizontal coordinates consist of an altitude 
(or elevation) and azimuth.  Altitude is the angle of the point from the horizon and 
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Once the appropriate plate constants have been calculated, 
corresponding images from two camera sites are chosen.  These images are 
chosen so that they are as nearly simultaneous as possible.  Another Matlab 
program is used for the triangulation calculations.  The user chooses a point 
along the TMA trail in the first image.  A corresponding line appears in the other 
image.  The line represents the projection into the second image of the line of 
sight from the first image.  The procedure is illustrated in Figure 3.2.  The red 
dots are the lines of sight from the first camera’s location while the yellow lines 
are the lines of sight from the second camera.  The point of nearest approach of 
the two lines of sight is used as the location of the trail and given as a longitude, 
latitude, and altitude.  The procedure is repeated for a range of points along the 
trail or trails in the images.  By extending the procedure to a series of images, the 
coordinates of points along the trail are obtained as a function of time. 
 
3.3 Wind Calculations 
Before the triangulation data can be used, the data must be interpolated to 
a regular altitude grid.  The altitude is limited by the camera field of view and the  
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visibility of the TMA trail.  Over that range, the data is interpolated to produce 




Figure 3.2: Line-of-sight matching 
 
To obtain wind calculations, this triangulation procedure is repeated over 
several time intervals.  Triangulating as many sets as possible over a large range 
of times gives the most accurate results. 
The winds are calculated at each altitude using the slope of a position vs. 
time plot.  The program chooses each altitude and finds the slope of latitude vs. 
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time and longitude vs. time.  Figure 3.3 illustrates the procedure.  When plotted 
as a function of time, the slope will give the wind velocity in that direction for the 
given height.  The latitudinal speed represents the meridional wind speed and the 
longitudinal speed corresponds to the zonal wind speed.  Figure 3.3 is based on 
the second upleg triangulation and shows a plot of latitude vs. time at an altitude 
of 100 km from five image pairs.  The linear fit gives a slope in degrees of 
longitude per second. 
 
 
Figure 3.3: Zonal wind determination at 100km on the second upleg trail. 
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The velocities in degrees per second obtained by this method are easily 
converted to the desired units of meters per second.  Degrees of latitude (given 
by φ ) can be converted to meters by, 
x =111,315φ      (3.1) 
where x  is in the north and south direction.  Converting degrees of longitude 
(given by λ ) to meters is more complicated as the distance between lines of 
longitude depends on latitude.  The conversion is given by, 
y =111,315λ ⋅ cos(φ)        (3.2) 
where y  is the distance in meters in the east and west direction. 
 
3.4 Error Analysis 
Larsen et al. [1995], Wescott et al. [2006], and Zhan [2007] discussed the 
errors in the TMA wind measurements.  The error involved in this method comes 
from the error in plate constants (from the star matching) and from the 
triangulation of the trails.  The star fitting error is generally less than six pixels for 
the Nikon cameras.  The triangulation error comes from two sources.  First, the 
mismatch of the line-of-sight vectors can vary along the trail.  Second, the puffs 
released are diffuse.  This problem only grows with time as the trail diffuses and 
turbulence affects the trail.  The diffusion is much stronger at lower altitudes. In 
addition, TMA that freezes on the side of the rocket during the upleg release also 
creates a large cylinder around the downleg trail making accurate identification of 
the trail’s center more difficult.  Finally, the winds are not expected to be 
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constant, even over the relatively short periods when the trails are visible, so the 
estimated positions are likely to deviate from the linear fitting used to obtain the 
velocities, even if the triangulation is perfect. 
The error from line-of-sight mismatch is generally the most significant 
error.  It was found that during the HEX II experiment, the cameras at the three 
locations were not in sync.  During the three uplegs, the Coldfoot cameras were 
approximately 17 seconds ahead of the Fort Yukon cameras.  This meant 
matching Coldfoot and Fort Yukon images involved choosing pairs in which the 
Coldfoot image time stamp was ~17 seconds ahead of the Fort Yukon image.  In 
addition, Coldfoot images were taken at 12 second intervals while Fort Yukon 
and Poker Flat images were taken at 11 second intervals.  This meant finding 
those matching times involved some error in finding exact matches.  For the 
upleg trails, image pairs were chosen that were less than 4 seconds apart after 
adjusting for the time offset mentioned. 
Even with matching image pairs chosen, the problem of locating the 
center of the trail and matching the lines-of-sight introduced additional error.  In 
some sections of the upleg trails, the closest approach was as large as 1 km.  
However, that is comparable to the accuracy noted by Wescott et al. [2006].  
However, even after considering the time offset of the images, the line-of-sight 
vectors from the triangulation procedure prevented an accurate calculation of the 
downleg wind profiles. 
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In the case of the HEX II experiment, the error for the upleg trails was due 
to all of the sources mentioned.  The first and third upleg trails had more 
triangulation uncertainty than the second.  The first upleg had more errors 
associated with the line of sight matching.  The third upleg had more error due to 
the difficulties in locating the trail’s center.  Locating the center of the trail was 
made difficult because the upleg experienced quicker diffusion, more sections of 
turbulence, and also overlapped the trail from the second upleg.  Larsen et al. 
[1995] estimated the uncertainty in the winds to be around 5-10 m s-1 when using 




Three upleg wind profiles from the HEX II experiment are presented.  The 
three upleg profiles were all near the same geographical region as shown in 
Figure 2.1.  As a result, all three upleg trails have similar wind profiles. 
 
4.1 Upleg 1 
The first upleg (corresponding to the V-1 rocket) had about 1.5 minutes of 
useful images.  Five image pairs from Coldfoot and Fort Yukon were used.  The 
wind profiles, shown in Figure 4.1, have a maximum at 109-110 km.  Here the 
wind had a magnitude of ~185 m s-1 and is directed in the northwest direction.  
Just 5-10 km lower, both the zonal and meridional winds changed direction.  The 
meridional wind has a shear of ~240 m s-1 over 5 km.  The zonal wind shear is 
less, with ~195 m s-1 over 8 km altitude.  In the region between 100-105 km 
where the wind is to the southeast, the wind magnitude is between 70-100 m s-1.  
Above the wind peak, the wind continues in the northwest direction.  It decreases 
sharply above the peak and gradually increases to a magnitude of ~175 m s-1 
around 150 km.  Figure 4.2 is the hodograph for Upleg1 and shows the wind was 
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rotating clockwise with increasing height at low altitudes.  However, above 
~110km, the wind was generally in the northwest direction.  
 
 
Figure 4.1: Wind profiles for upleg1 of the HEX II experiment 
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Figure 4.2: Hodograph for upleg1 of the HEX II experiment 
 
4.2 Upleg 2 
The trail from the second upleg (the V-3 rocket) was visible for the longest 
period of time.  The trail was observed for about 3.5 minutes. Five image pairs 
from Coldfoot and Fort Yukon were chosen from that time span for analysis.  The 
zonal and meridional winds are shown in Figure 4.3.  The wind magnitude at 
~110 km reaches ~175 m s-1.  The meridional wind maximum is at 112 km and 
the zonal maximum is at 110 km.  As in the first upleg, a large shear is observed 
in the region below the maximum.  The meridional wind exhibits ~210 m s-1 shear 
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over 7 km and the zonal wind has ~180 m s-1 shear over 7 km.  At the bottom of 
the shear, around 100-105 km, the wind reversed direction to the southeast and 
had a magnitude between 70-100 m s-1.  At higher altitudes, the winds reached a 
local minimum in the same range as the first upleg (around 120 km) before 
steadily increasing again to ~135 m s-1 at 150 km.  The hodograph is shown in 
Figure 4.4. The wind vector at lower altitudes rotated clockwise with height but all 
winds above 110km were in the northwest direction. 
 
 
Figure 4.3: Wind profiles for upleg2 of the HEX II experiment 
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Figure 4.4: Hodograph for upleg2 of the HEX II experiment 
 
4.3 Upleg 3 
As with the first upleg, the time spanned by the usable observations was 
only 1.5 minutes.  There were five image pairs from Coldfoot and Fort Yukon that 
could be triangulated.  However, this particular trail was oriented such that from 
the perspective of Fort Yukon the trail doubled back on itself making it difficult to 
get accurate matches for the triangulation.  Also, from the perspectives of both 
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camera sites, there were sections of the trail in which the trail from the second 
upleg interfered with the triangulation of the third upleg. 
The third upleg (corresponding to the V-2 rocket) triangulation produced 
wind profiles, shown in Figure 4.5, similar to the previous uplegs but with a few 
particular features not seen in the others.  In particular, the anomalies are more 
noticeable in the zonal wind profile.  There is a sudden decrease in the zonal 
wind at 99 and 108 km. There is also a small hump in the zonal wind between 
113-120 km.  However, along with the triangulation problems mentioned above, 
the two spots at 99 and 108 km do correspond with disturbances in the trail 
observable in the images that were not seen in the previous two uplegs.  The two 
spots appear as small bubbles in the third upleg.  However, the structure visible 
in the wind profiles is greater than that observed in the trail. 
Despite the increased error, the general trend in the third upleg profile 
matches the others well.  A maximum in both meridional and zonal winds occurs 
around 110 km.  At that altitude, the wind magnitude is ~170 m s-1 in the 
northwest direction.  Below this peak, the shear is similar in magnitude and in 
altitude range to the other upleg profiles.  The meridional shear is ~220 m s-1 
over ~7 km and the zonal shear is ~180 m s-1 over ~8 km.  Below this shear in 
the region between 100-105 km, the wind changes direction and is toward the 
southeast.  Above the 110 km peak, the wind is consistently to the northwest and 
gradually increases to ~130 m s-1 at ~150 km.  The hodograph (Figure 4.6) also 
shows the same behavior as the other upleg wind profiles.  The wind follows a 
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Figure 4.5: Wind profiles for upleg3 of HEX II experiment 
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Several other neutral wind measurements have been made in the high 
latitudes and are useful for comparisons.  As mentioned in the introduction, by 
comparing the various measurements and looking for patterns it is hoped that 
common characteristics can be identified and attributed to particular forcing 
mechanisms and responses.  Specific characteristics considered include wind 
magnitudes, directions, and peak characteristics.  These all need to be 
considered in the context of geomagnetic activity, the time at which the 
experiment took place, and geographic location. 
 
5.1 Comparisons with ARIA experiments 
Four ARIA experiments were carried out between 1992 and 1995.  All four 
rockets were launched from Poker Flat Alaska.  Information on each rocket 
launch is given in Table 5.1 [Larsen et al. 1997]. 
Of these four experiments, ARIA III most closely resembles the HEX II 
experiment with respect to the geomagnetic conditions.  The Kp index for the 
ARIA III experiment was between 3 and 4, exceeding 4 during the time of launch, 
as shown in Figure 5.1.  Compared to the HEX II Kp data shown in Figure 2.2, it 
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can be seen that the average Kp index for the ARIA III experiment was 
comparable to that of the HEX II experiment.  The magnetometer data for ARIA 
III, shown in Figure 5.2, are from the Eagle magnetometer and shows a 
maximum deflection of about 900 nT, slightly larger than the HEX II 
magnetometer deflection of 750 nT.  The Eagle magnetometer at is east of Poker 
Flat but is at nearly the same latitude.  Its coordinates are 64.78N 141.16W. 
 
 
Experiment Time and Date Geomagnetic Conditions 
ARIA I 1400 UT, March 3, 1992 Moderate activity 
ARIA II 1300 UT, Feb. 12, 1994 High activity 
ARIA III 1600 UT, Feb. 2, 1995 Moderate-high activity 
ARIA IV 1400 UT, Nov. 24, 1995 Low activity 
 
Table 5.1: ARIA experiment background. 
 
 




Figure 5.2: Magnetometer data from Eagle for February 3, 1995. 
 
The wind profiles of ARIA III and HEX II wind profiles have similar 
characteristics due to the similar geomagnetic conditions.  The wind profiles and 
hodographs are shown in Figures 5.3 and 5.4, respectively.  ARIA III wind 
profiles show a maximum of ~180 m s-1 at ~110 km.  Averaging the HEX II winds 
gives a maximum of ~175 m s-1 at ~110 km.  The ARIA experiments also showed 
that the hodographs change with varying geomagnetic conditions [Larsen et al. 
1997].  Higher geomagnetic activity corresponds to a more elongated hodograph 
rather than the elliptical hodographs that characterize quiet conditions. The HEX 







Figure 5.3: ARIA III wind profiles. Taken from Larsen et al. [1997]. 
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Figure 5.4: ARIA III hodograph. Taken from Larsen et al. [1997]. 
 
The ARIA I experiment wind profiles and hodograph are shown in Figures 
5.5 and 5.6 respectively.  The experiment took place under less active conditions 
than HEX II.  The ARIA II experiment wind profiles and hodograph are shown in 
Figures 5.7 and 5.8 respectively.  The experiment took place under active 
conditions.  The wind magnitudes, shear, and hodograph shape all indicate much 
more activity than the HEX II experiment.  Finally, Figures 5.9 and 5.10 show the 
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wind profiles and hodograph for the ARIA IV experiment, which took place during 
very low activity. 
These three ARIA experiments show the common trend of increasing wind 
peaks and elongated hodographs along with increasing activity. The experiments 
carried out at lower activity show the characteristics of tidal forcing while those 
characteristics are masked during active conditions. 
 
 
Figure 5.5: ARIA I wind profiles. Taken from Larsen et al. [1997]. 
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Figure 5.6: ARIA I hodograph. Taken from Larsen et al. [1997]. 
 
Figure 5.7: ARIA II wind profiles. Taken from Larsen et al. [1997]. 
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Figure 5.8: ARIA II hodograph. Taken from Larsen et al. [1997]. 
 
Figure 5.9: ARIA IV wind profiles. Taken from Larsen et al. [1997]. 
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Figure 5.10: ARIA IV hodograph. Taken from Larsen et al. [1997]. 
 
5.2 Comparisons with CODA experiment 
The CODA experiment was carried out on February 21, 2002.  Three 
rockets released TMA trails to obtain wind profiles.  The wind profiles correspond 
to a time near 1000 UT [Zhan 2007], i.e., about the same time as the HEX II 
experiment.  
The CODA experiment took place under relatively quiet geomagnetic 
conditions.  The average Kp index, shown in Figure 5.11, was around 2 for the 
day of the experiment.  Figure 5.12 shows the Poker Flat magnetometer data for 
the CODA experiment.  The wind profile for one of the upleg trails is shown in 
Figure 5.13.  The lower peak is around 97 km and is slightly smaller than the 
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other peak around 103 km.  The wind peaks are lower in altitude and of smaller 
magnitude than the HEX II profiles, which is consistent with the pattern of 
stronger winds during higher activity.  The hodographs for three different TMA 
trails are shown in Figure 5.14.  They are consistent with previous observations 
in that low geomagnetic activity corresponds to more circular hodographs [Larsen 
et al., 1997]. 
 
 
Figure 5.11: Kp index for February 21, 2002 
 
Figure 5.12: Magnetometer data from Poker Flat for February 21, 2002 
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Figure 5.13: CODA wind profile from west upleg trail. The solid (dashed) line 
stands for the zonal (meridional) wind profile. Taken from Zhan [2007]. 
 
Figure 5.14: CODA hodographs. Taken from Zhan [2007] 
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Two significant characteristics are similar to the HEX II experiment.  At 
lower altitudes, the hodographs rotate clockwise with altitude in both 
experiments.  The behavior is consistent with predictions of tidal winds 
[Mikkelsen and Larsen 1991], although the wind magnitudes are larger than 
predicted by tidal theory.  At altitudes above 120 km the CODA winds behave 
similarly to the HEX II winds.  Both profiles show the consistent northwest winds 
increasing with height.  At these higher altitudes where ion drag forcing 
dominates, this is to be expected.  Both experiments were carried out at nearly 
the same time of day.  As such, the location of Poker Flat with respect to the 
plasma convection pattern was the same for both experiments.  In both cases, 
the wind measurements took place in the dusk convection cell in which the 
sunward flow of the plasma corresponds to the northwestern geographical 
direction.  However, above ~120 km the CODA winds increase more rapidly and 
to greater magnitude than the HEX II winds. 
 
5.3 Comparisons with JOULE experiments 
The JOULE experiments were carried out at Poker Flat Alaska with the 
goal of quantifying the contribution of small-scale electric field fluctuations to the 
overall Joule heating rate.  Several neutral wind profiles were obtained with the 
chemical tracer technique. 
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The JOULE I rockets were launched on March 27, 2003 soon after 1200 
UT.  In this case, the geomagnetic activity level was similar to that of the HEX II 
experiment.  The Kp index (shown in Figure 5.15) was 4 during the experiment.  
The H component of the magnetometer deflection, shown in Figure 5.16, was 
negative and reached approximately 550 nT before the launch and later 
exceeded 1000 nT.  
Since the geomagnetic activity was slightly larger during JOULE I, the 
expectation is that the wind peak between 110-120 km would be of stronger 
magnitude than those of ARIA III and HEX II.  The JOULE I profiles show this. 
The wind profile for the JOULE I upleg is shown in Figure 5.17.  It does not cover 
a large range of altitude but clearly shows a maximum of greater than 200 m s-1 
near 120 km.  The downleg wind profiles are shown in Figure 5.18. The peaks on 
the downleg profiles are not as strong as those of the upleg profile, but are still at 





















Figure 5.17: JOULE I upleg wind profile. The zonal (meridional) wind is 




Figure 5.18: JOULE I downleg wind profile. The zonal (meridional) wind is 
represented by the solid (dashed) line. The black (red) line comes from the 
triangulation of Hasselblad (Nikon) images. Taken from Zhan [2007]. 
 
The JOULE II launches were carried out on January 19, 2007.  The wind 
measurements were made just before 0100 UT during less active conditions than 
the first JOULE experiment.  The Kp index was 3 and the magnetometer 
deflection was less than 450 nT.  The Kp index and magnetometer data are 
shown in Figure 5.19 and Figure 5.20, respectively.  In this case, with 
geomagnetic activity comparable to, but slightly weaker than that of HEX II, a 
slightly weaker wind peak is expected between 110-120 km. 
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Figure 5.19: Kp index for January 19, 2007 
 
 
Figure 5.20: Magnetometer data from Poker Flat for January 19, 2007 
 
The second upleg, shown in Figure 5.21 and the second downleg, shown 
in Figure 5.22, have slightly weaker winds than those seen in the HEX II 




Figure 5.21: Wind profiles for upleg2 of JOULE II. Taken from Zhan [2007]. 
 
Figure 5.22: Wind profiles for downleg2 of JOULE II. Taken from Zhan [2007]. 
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The two JOULE experiments were both carried out a time close to local 
magnetic midnight.  Near magnetic midnight, the region is moving from the dusk 
to the dawn convection cell. The higher altitude winds therefore do not flow in a 
predictable direction, as do the winds from HEX II. 
 
5.4 Comparisons with HEX I experiment 
The first HEX experiment, near 1000 UT on March 25, 2003, was carried 
out under quiet conditions with a weak, stable auroral arc located under the 
trajectory. The Kp index was at 1 or less, and there was no significant 
magnetometer deflection.  Figures 5.23 and 5.24 show the Kp values and 
magnetometer data respectively. 
The TMA trails were deployed over a broader height range, but the 
triangulation to obtain the horizontal winds was only carried out between heights 
of 125 and 175 km.  The horizontal winds calculated by Wescott et al. [2006] are 
shown in Figure 5.25.  They do not extend to altitudes low enough to determine 
anything about the characteristic wind peaks.  However, it is clear that winds at 
the higher altitudes are in the west to northwest direction.  This is again 
consistent with the HEX II results and the plasma convection cell drift directions.  















Figure 5.25: Horizontal wind vectors from HEX I experiment. Taken from Wescott 
et al. [2006]. 
 
 
5.5 Comparisons with other HEX II results 
Ingersoll [2008] developed a regularization technique for obtaining the 
wind profiles from the TMA trail images and used it and used it to analyze the 
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first HEX II upleg.  He also compared his results to an unpublished profile by 
Wescott.  These profiles are shown in Figure 5.26 along with the profile obtained 
from the first upleg in this thesis.  In this figure, the solid lines represent the zonal 
winds and the dashed lines the meridional.  The blue, red, and green lines 
represent the result obtained here, Ingersoll’s result, and Wescott’s profiles 
respectively. 
 
Figure 5.26: Comparison of the upleg1 trail of the HEX II experiment. The blue, 
red, and green represent this work, Ingersoll, and Wescott’s profiles respectively. 
The solid (dashed) lines represent zonal (meridional) winds. Ingersoll and 
Wescott profiles taken from Ingersoll [2008]. 
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The large winds near 110 km are at about the same altitude in both wind 
profiles.  The results obtained here have peak winds with larger magnitude than 
the earlier results.  The high altitude winds match well.  All three profiles are 
similar, especially in the high altitude zonal component.  The primary differences 
are found in the low altitude (90-105 km) zonal wind profile.  The wind profile 
obtained here shows a much stronger shear associated with the lower wind peak 
near 101 km rather than Ingersoll’s 95 km. The stronger shear shown by this 




DISCUSSION AND CONCLUSIONS 
The HEX II neutral winds are similar in many respects to previous 
observations.  The high altitude winds are in the predicted direction and the 
strong wind peak is comparable to observations under similar conditions.  The 
lower peak is too strong to be completely explained by tidal winds but is of similar 
magnitude and located at a similar altitude to the secondary peak in other 
observations under similar conditions. 
 
6.1 Upper altitude analysis 
As shown in Figure 5.26, the high altitude winds obtained from the first 
upleg profile shows good agreement with the previous determinations by 
Ingersoll and Wescott.  The wind is stable, without the large shear present at 
lower altitudes.  The direction is to the northwest, the same direction as the 
plasma convection cell drift.  The second and third upleg profiles also have high 
altitude winds in the same direction, although not as strong.  These latter two 
upleg profiles are very similar in the high altitude region but are both about 40 m 
s-1 weaker than the first.  The two rockets were launched only a couple of 
minutes apart and the trails were farther north than the first upleg trail making it 
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difficult to tell if the high altitude winds from first upleg trail differ from the other 
two because of geographic location or time. 
The HEX II high altitude winds are generally opposite in direction to the 
ARIA winds.  Since the ARIA winds were measured in the dawn convection cell, 
the winds are in the opposite direction.  However, the ARIA III high altitude winds 
are much weaker than the winds in either of the HEX experiments.  This could be 
due to the fact that during the ARIA III experiment Poker Flat had not been in the 
dawn convective cell for as long as it had been in the dusk cell during HEX II.  
This could mean that the neutrals had not had as much time to be accelerated by 
the ion drag forces. 
 
6.2 Wind peak analysis 
The HEX II wind peak (determined as the maximum wind magnitude in the 
region around 110-120 km) is of a magnitude similar to that in the ARIA III 
experiment, which best matches the HEX II experiment with respect to 
geomagnetic activity.  Larsen et al [1997] observed from the four ARIA 
experiments that the wind peak magnitude appeared to be related to the 
geomagnetic activity.  The HEX II experiment does fit this hypothesis in that the 
peak does match the ARIA III peak well.  Including the CODA and JOULE 
experiments in this comparison, plots were made of the wind speed peak 
magnitude versus Kp and versus magnetometer deflection.  Figure 6.1 shows the 
relationship between wind peak magnitude and the Kp index.  Since the Kp index 
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is representative of planetary conditions, it does not always fully reflect the local 
conditions.  Figure 6.2 shows the relationship between the peak magnitude and 
the local magnetometer deflection.  The magnetometer values used in Figure 6.2 
are the H component deflections and with the exception of one magnetometer 
value from Eagle (that of ARIA III), all are from the Poker Flat magnetometer.  








Figure 6.2: Plot of wind peak magnitude vs. magnetometer deflection. 
 
Larsen et al. [1997] also found that the height of the peak increased with 
geomagnetic activity.  However, the two JOULE experiments do not fit this 
model.  Both have wind peaks several kilometers higher than those of the HEX II 
or ARIA experiments.  The reason for this is not known.  Further experiments at 
or near magnetic midnight might show if a higher altitude location for the wind 
peaks is a unique characteristic of the neutral winds near magnetic midnight.  
When the peak height is plotted against the Kp index or magnetometer 
deflection, the results are as shown in Figures 6.3 and 6.4.  These two figures 
are in the same format as Figures 6.1 and 6.2 but with the peak height replacing 




Figure 6.3: Plot of wind peak altitude vs. Kp index. 
 
 
Figure 6.4: Plot of wind peak altitude vs. magnetometer deflection. 
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Larsen and Walterscheid [1995] showed that this peak possibly can be 
explained using a modified geostrophic theory that includes the effects of ion 
drag.  As mentioned in Section 1.3.1, the Hall drag effects are particularly 
important in this context.  The Hall drag is not significant at high altitudes above 
120 km where the Pedersen drag dominates.  However, at lower altitudes, where 
the peak usually appears, the Hall drag is significant.  In general, the forcing from 
the Hall drag opposes the effective Coriolis force, producing strong winds.  The 
Hall and Pedersen drag coefficients have units of s-1 and indicate the influence of 
the drag on the neutrals.  The drag coefficients are discussed by Roble and 











     (6.2) 
where σ H  and σ P  are the Hall and Pedersen conductivities discussed in Section 
1.3.1, B is the magnetic field strength, and ρ  is the neutral mass density.  A plot 
of the Hall and Pedersen drag coefficients during the HEX II experiment is shown 
in Figure 6.5 and the electron density profile obtained with the Poker Flat 
Incoherent Scatter Radar (PFISR) [M. Nicolls, personal communication, 2009] is 
shown in Figure 6.6.  The structure in the high altitudes in these plots is from 
noise and is most likely not real.  The noise is not significant below 120 km which 
is the region of interest for purposes of the modified geostrophy effect.  Like the 
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coefficients shown in Larsen and Walterscheid [1995] and Zhan [2007], the Hall 
drag is the dominant effect below 120 km.  This indicates that the modified 
geostrophy calculations might give a reasonable model of the HEX II wind peak. 
 
 
Figure 6.5: Pedersen and Hall drag coefficient profiles for the HEX II experiment. 
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Figure 6.6: Electron density profile for the HEX II experiment 
 
6.3 Low altitude wind analysis 
The low-altitude winds are still not very well understood.  Tides account for 
some of the wind structure but the tidal winds observed by Brekke et al. [1994] 
are insufficient to account for the larger winds observed under active conditions.  
If the lower wind peaks are plotted in the manner of Figures 6.1 and 6.2, the 
results are Figures 6.7 and 6.8.  The plots do not show as much of a change with 
geomagnetic activity as do Figures 6.1 and 6.2.  However, the highest magnitude 
of the lower wind peak was present under the most active conditions.  It is not 
very clear if this is evidence of a correlation since the other magnitudes plotted 
show very little correlation with geomagnetic activity. 
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Figure 6.7: Plot of the lower wind peak magnitude vs. Kp index 
 
 
Figure 6.8: Plot of the lower wind peak magnitude vs. magnetometer deflection. 
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What seems to be more obvious is a relationship between the heights of 
the zonal and meridional peaks.  At lower geomagnetic activity, the zonal and 
meridional wind peaks below 110 km are not at the same altitude.  In the ARIA I 
experiment the two peaks are 10 km apart and have a quadrature phase 
relationship.  On the other hand, ARIA II and ARIA III, which were characterized 
by higher activity, showed the wind peaks only 1-2 km apart.  The zonal and 
meridional components appear as waves that are out of phase during quiet 
conditions.  As the activity increases, the two components are forced into phase.  
This is evident in the hodographs as a gradual transition from a more circular to a 
narrower pattern. 
The phenomenon that creates the enhanced winds at lower altitudes is not 
yet known but two possibilities are (1) a coupling effect with the higher-altitude 
winds or (2) the interaction of the neutrals with charged meteoric dust or ice.  The 
large winds and shears between 110 and 120 km could possibly affect the lower 
altitudes producing the features observed.  The nature of this interaction is 
unknown but it is possible that the instabilities associated with large shears and 
gradients would introduce effects at lower or higher altitudes.  Regarding the 
second possibility, meteoric dust has been observed at lower altitudes below 90 
km [Gelinas et al. 2005, Lynch et al. 2005, Rapp et al. 2005].  The observations 
show a decrease in dust density above 90 km.  However, the instruments were 
not able to detect particles smaller than a few thousand atomic mass units 
(around 1 nm radius).  Also, the apogee of the rocket flights in the experiments 
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did not exceed 100 km meaning that there are no direct measurements of 
meteoric dust in the region between 100 and 110 km.  Hunten et al. [1980] 
predicted particle production up to 110 km and that dust particles too small to be 
detected by the rocket experiments mentioned above would exist above 100 km.  
Another indication that dust could be present between 100 and 110 km is the 
observation of sporadic iron layers by lidar around 105 km [Gelinas et al. 2005; 
Lynch et al. 2005].  Because they report that the observations of charged dust 
are correlated with neutral iron observations by lidar, this would indicate that 
charged dust might also be found in the sporadic layers.  The dust observed by 
Lynch et al. [2005] and Gelinas et al. [2005] was negatively charged meaning 
their drift would be opposite that of the positive ions.  This could lead to a drag 
effect on the neutrals that would cause a wind in the direction opposite to that of 
the higher peak, which is what is observed in the wind profiles.  By using the dust 
number density predicted by Hunten et al. [1980] and some approximations of 
the particle’s density and size, a calculation of the dust’s effect on the Hall drag 
can be made.  As shown in Eq. (6.1), the Hall drag is dependent on the Hall 
conductivity.  The conductivity is given by Roble and Ridley [1987] as 
σ H = neqe
2(K3 − K4)     (6.3) 
where K3 and K4 are parameters describing the electron and ion influences, 
respectively.  It is found that the dust’s contribution to the Hall conductivity is on 
the same order as that of the plasma ions.  However, both are much smaller than 
the contribution from the electrons.  A more thorough calculation of the drag 
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coefficients and a prediction of the winds using the modified geostrophy model 
are needed to give a better indication of the validity of this hypothesis. 
  
6.4 Hodograph analysis 
The hodographs of the neutral winds show a narrower pattern under 
active conditions and a decidedly more circular pattern under quiet conditions.  
This was noted by both Larsen et al. [1997] and Zhan [2007].  Under quiet 
conditions, when the winds have more tidal influence, the winds have a more 
constant magnitude that rotates clockwise with altitude.  This is shown in the 
hodograph as a circular pattern.  In the wind profiles, this behavior makes the 
zonal and meridional components look like two waves that are 90 degrees out of 
phase (in quadrature). When conditions are active, the winds change magnitude 
and direction quickly which results in the narrower pattern.  The clockwise 
rotation is still apparent but is dominated by quick direction reversals.  This 
indicates that the higher activity is preferentially forcing the winds in certain 
directions.  The direction of the enhanced forcing is mostly due to the location in 
the convection cells.  The winds in the dusk cell (like HEX) are forced differently 
than those in the dawn cell (like ARIA). However, the common result is that the 




6.5 Summary and further work 
The HEX II neutral winds were measured by the release of TMA tracers.  
The measurements showed wind profiles and a hodograph that fit the pattern 
seen in some previous results.  The high altitude winds were directed to the 
northwest as expected while in the dusk sector of the plasma convection pattern.  
The wind peak at around 113 km was of similar magnitude to the ARIA III 
experiment that was carried out at similar geomagnetic conditions.  The 
calculated Hall and Pedersen drag coefficients show that the Hall drag dominates 
in this altitude region and suggest that modified geostrophy results could provide 
an explanation of the observed winds.  The low altitude winds were also similar 
to those in previous observations indicating a fairly consistent forcing mechanism 
from an unknown source.  The hodograph was an elongated elliptical shape as 
previously noted for wind measurements during moderately active conditions. 
Further work must involve more measurements.  Because so many forcing 
mechanisms are involved and interacting with each other, many measurements 
will be needed before all the patterns will become apparent.  The higher altitude 
wind directions are usually explained by ion drag but the magnitude of the winds 
is often different.  The strong wind peak seems to be correlated with 
geomagnetic activity but the altitude of the peak is not always consistent.  The 
JOULE I and JOULE II experiments were both observed at magnetic midnight so 
more experiments could reveal if the local time of the experiment is the cause of 
the higher altitude of the observed peaks. 
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The lower peaks show evidence of forcing during geomagnetic activity but 
the source is still unknown.  More experiments could also shed light on this 
question.  If the forcing is due to the dynamics of the MLT region, more 
experiments under different conditions will be needed to determine more 
characteristics and possible patterns.  If the forcing is due to meteoric dust, more 
dust detecting experiments will be needed.  Future dust detecting experiments 
need to be able to detect the smaller dust particles that should exist at higher 
altitudes and must be launched so that the instruments can make measurements 
up to 110 km.  Experiments in which dust measurements are made 
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